Heat demand is a large contributor to greenhouse gas (GHG) emissions in the European Union (EU), as heat is largely produced using fossil fuel resources. Extended use of district heating (DH) could reduce climate impact, as DH systems can distribute heat produced in efficient combined heat and power (CHP) plants and industrial excess heat, thus utilising heat that would otherwise be wasted. The difficulty to estimate and compare GHG emissions from DH systems can however constitute an obstacle to an expanded implementation of DH. There are several methods for GHG emission assessments that may be used with varying assumptions and system boundaries. The aim of this paper is to illuminate how methodological choices affect the results of studies estimating GHG emissions from DH systems, and to suggest how awareness of this can be used to identify possibilities for GHG emission reductions. DH systems with CHP production and industrial excess heat are analysed and discussed in a systems approach. We apply different methods for allocating GHG emissions between products and combine them with different system boundaries. In addition, we discuss the impact of resource efficiency on GHG emissions, using the framework of industrial symbiosis (IS). We conclude that assessments of the climate impact of DH systems should take local conditions and requirements into account. In order for heat from CHP production and industrial excess heat to be comparable, heat should be considered a by-product regardless of its origin. That could also reveal opportunities for GHG emission reductions.
Introduction
Heating makes up a large share of the energy use within the European Union (EU). With the main technologies for heat production being individual gas or oil boilers (Connolly et al., 2014) , greenhouse gas (GHG) emissions from heating are high. In order to reduce GHG emissions from heating, EU policy encourages district heating (DH) (EC, 2009 (EC, , 2012 . Europe has a large unutilised heat potential, mainly accessible by implementation of combined heat and power (CHP) plants and utilisation of industrial excess heat (Connolly et al., 2014; Persson and Werner, 2012) . This heat could be distributed in DH grids, thereby reducing the need for individual boilers. DH could also be used to produce cooling, and CHP plants would add efficiently (and possibly renewably) produced electricity to the European energy system. Currently, DH is primarily implemented in the Nordic and Baltic countries, but it is estimated that more than 1000 TWh of new DH could be implemented in populationdense areas throughout the EU until 2050 (Connolly et al., 2014) . The ongoing urbanisation entails challenges for citizens and the environment, but it also offers opportunities for increased well-being (EC, 2014; Nijkamp and Kourtit, 2013) . DH could make an important contribution to efficient and cost-effective use of energy and resources in urban areas (EC, 2012; Persson and Werner, 2011) . Positive effects include improved urban air quality, as DH drastically reduces particulate matter compared to individual boiler installations (Caserini et al., 2010) .
The difficulty to estimate GHG emissions and to compare the climate impact of DH to that of other heating options may constitute an obstacle to expanded implementation of DH. There are several methods to calculate GHG emissions, in which different system boundaries and assumptions about the system under study can be applied. Depending on which method that is used, the results and the possibility to compare the results to other heating options may differ. In a DH system with CHP production, estimating climate impact is a complex task because of the issue of allocation of GHG emissions between the two products, electricity and heat. Adding industrial excess heat to the DH system adds another dimension to the estimation of climate impact: what are the GHG emissions from a by-product of an industrial production process? This question introduces resource efficiency as an additional variable in the climate impact assessments, thus further increasing the complexity of the analysis.
The results from energy system analyses estimating GHG emissions have an impact on policy decisions, and thus also the future development of European energy systems. Therefore, it is crucial that such analyses provide reliable and comparable results, and that there is transparency in the use of methods and assumptions. In this paper, the consequences of using different allocation principles and system boundaries when estimating GHG emissions from CHP production and industrial excess heat are analysed. The aim is to illuminate the influence of methodological choices on the results and to suggest how awareness of this can be used to identify GHG emission reduction possibilities in DH systems with CHP production and/or industrial excess heat.
The climate impact of DH is a well-researched area (see for example Connolly et al., 2014; Lund et al., 2014; Magnusson, 2012; Persson and Werner, 2012; and Rezaie and Rosen, 2012) . There are also several previous studies of the consequences of applying different system boundaries (see for example Borrion et al.,2012; Grönkvist et al., 2003 and Wetterlund et al., 2010) and GHG emission allocation methods (see for example Beretta et al., 2012 , Jungmeier et al., 1998 and Rosen, 2008 , with regard to heat as well as other energy carriers. In this paper we complement previous research by applying different methodologies to a DH system with CHP production and industrial excess heat, thus illuminating the difficulties that appear when assessing the two great potential heat sources in the EU. We do this by bringing together GHG emissions calculation methods with the concept of industrial symbiosis (IS), which addresses resource efficiency in collaborations between industries and/or energy utilities. Results from this type of holistic approach to the assessment of GHG emissions from DH systems could be useful in the design of policies intended to encourage further development of DH in the EU.
The structure of this paper is as follows: In section 2, we provide a background with regard to DH, CHP production, and industrial excess heat. Section 3 presents the systems approach used to analyse GHG emissions and resource efficiency in this paper. Section 4 illustrates the complexity of estimating GHG emissions and resource efficiency of DH systems. In section 5 we discuss the consequences of using different methodologies for the implementation of DH systems. Section 6 concludes the paper and offers suggestions for further research.
An overview of district heating

Using district heating
Current DH systems primarily supply space heating and hot tap water to multi-family dwellings and non-residential buildings. Research shows that DH may contribute to reducing energy use in industries, by replacing other energy use in production processes (Difs et al., 2009; Henning and Trygg, 2008) . Using DH for cooling purposes may also have large potential, through absorption cooling (Difs et al., 2009; Svensson and Moshfegh, 2011) . This diversity of applications ensures that DH may be useful not only in countries with a cold climate but also in regions where space heating is not extensively required. Buildings and industrial production processes are becoming more energy efficient, thereby reducing the need for heating (Magnusson, 2012) . For instance, buildings may be made energy efficient by improving insulation and ventilation or modifying the heating system. However, studies show that energy efficiency measures in buildings with DH are beneficial from a GHG emissions perspective, as they reduce peak load and level out the annual demand for DH (Åberg and Henning, 2011; Åberg et al., 2012) . Thus, DH may continue to be useful. It has also been shown that DH offers flexibility to national energy systems, not only with regard to heat utilisation but also for energy storage capacity (Münster et al., 2012) . In that respect DH could contribute to a renewable electricity system, as for instance a large share of wind power requires system functions that can manage fluctuations in electricity supply.
Heat supply
Combined heat and power production
In a CHP plant, heat and electricity are produced simultaneously. The EU acknowledges the important role of CHP production in the energy efficiency directive (EED), in which the efficiency of cogeneration as opposed to separate production of electricity and heat is emphasised (EC, 2012) . In particular, the efficiency of electricity production is targeted, as the total efficiency of a CHP plant is around 85% whereas the efficiency of a condensing power plant is 30-50% (Odenberger et al., 2009) . Waste, biomass, and natural gas (NG) are commonly used fuels in CHP plants. Using waste in CHP production is one option to reduce landfilling, which is common in several EU member states (Persson and Werner, 2012) . Studies also show that CHP plants may effectively reduce GHG emissions in the energy system (Henning and Trygg, 2008; Knutsson et al., 2006) . In a renewable energy system, CHP plants are considered important for regulation and stabilisation of the electricity grid .
Industrial excess heat
A significant amount of heat is generated as a by-product from industrial production processes (see for example Broberg Viklund and Johansson, 2014) . The heat flows have different characteristics, for example regarding quality (temperature) and form (such as exhaust gases, cooling water, or materials). In some cases the heat may be recovered and used in other processes within the industry, but if that is not possible it is considered excess heat. There are different definitions of exactly what constitutes excess heat, but in this paper we use the following definition: "Excess energy that cannot be utilised internally and where the alternative is that the heat is released into the surroundings" (SEA, 2008: p. 23 ).
Although the use of industrial excess heat, for example in DH systems, is endorsed in the EED (EC, 2012) , it is currently not widely established. In Sweden, the EU member state where industrial excess heat is most widely used, 4.9 TWh was used in 2008 (Persson and Werner, 2012) . Meanwhile, the total EU potential has been estimated at 750 TWh per year, of which less than 1% is currently used in DH systems (Connolly et al., 2014) . Several barriers to excess heat collaborations have been identified, mainly related to social, cultural, and economic factors (Grönkvist and Sandberg, 2006; Thollander et al., 2010) . The technical opportunities for using industrial excess heat in DH systems exist, and studies demonstrate a great deal of potential for this. For example, Johansson and Söderström (2011) found that the Swedish steel industry could become more energy efficient by supplying excess heat to DH systems; Johansson et al. (2012) identified excess heat supply to a DH grid as an option for the oil refining industry to reduce GHG emissions; and Jönsson and Algehed (2010) found that a DH collaboration would be an economically robust alternative for the pulp and paper industry to reduce GHG emissions.
A systems approach to assessing climate impact
In this paper, we use a systems approach to identify and analyse problems associated with assessing GHG emissions and resource efficiency in DH systems. We use a mix of theories and methods in order to illuminate complexities. To address GHG emission assessments, we present and discuss different calculation methods. To address resource efficiency assessments, we apply ideas from the research field of IS. In this section, we describe the present application of these theories and methods.
The systems approach implies a holistic view rather than a focus on specific parts. A system is commonly defined as consisting of components and connections between them. It is separated from its environment by a system boundary. Although systems are often considered in technological terms, social and economic aspects may also be included (Ingelstam, 2012) . Here, the system's components are DH production, distribution and use, resources used, and GHG emissions, as illustrated in Figure 1 . Avoided resource use and alternative production are also of interest. Depending on system perspective, the latter may be part of the system or the environment. The implications of moving the system boundary will be addressed throughout this section. 
GHG emissions calculations in different system perspectives
Several system mechanisms are associated with GHG emissions, as Figure 1 shows. Analyses of how different actions affect GHG emissions are influenced by the choice of system boundary and by assumptions about the components and environment of the system (cf. Borrion et al., 2012; Grönkvist et al., 2003; Wetterlund et al., 2010) . In this paper, the local system is that of the DH system, including heat production in CHP plants and industries, use of DH, and related GHG emissions. Although calculations become more complex, expanding the system boundaries to also include alternatives to production processes and fuel use, and related GHG emissions, could provide more accurate estimations of the GHG emissions associated with DH systems.
Different methodologies are appropriate when analysing existing systems or consequences of changes to systems. Some researchers recommend that when analysing an existing system, an attributional (book-keeping, retrospective) approach may be used, while a consequential (marginal, prospective) approach is preferable when analysing a potential change to the system (see for example Dotzauer, 2010 and Ekvall et al., 2005) . Others argue that in a comprehensive analysis, both approaches should be employed (Burström von Malmborg and Forsberg, 2003) .
In the attributional approach all input data, such as GHG emissions from electricity and heat production, are known (as they have already occurred). With respect to electricity, the average electricity production mix is often used in calculations (Dotzauer, 2010; Ekvall et al., 2005) . The use of average mix, for example national or regional, depends on where the system boundary is drawn. With respect to heat, local conditions largely determine what values should be used in calculations. As heat is a local product, the average heat production mix is individual in every community.
In the consequential approach, changes to energy conversion and use are assumed to affect the system on the margin. The last used or produced unit of heat or electricity is the marginal unit, and this marginal unit is affected by changes. For instance, an increase in electricity use requires an increase in electricity production, which occurs on the margin. The consequential approach is used slightly differently depending on time frame (Dotzauer, 2010) . In a shortterm perspective, based on the current energy system, the so-called operating margin is used. In a longer perspective, where the energy system is not known, the so-called build margin is used. When using the build margin, assumptions about future energy conversion technology decide what kind of marginal unit is used in calculations. For a thorough background to the marginal displacement of electricity, see for example Carlson (2003) , Grönkvist (2004), and WRI (2007) .
In the consequential approach we use in this paper, we assume DH to replace other heat, and electricity from CHP plants to replace other electricity. We calculate the GHG emissions as those of the DH production minus those of the replaced production. Thus, the GHG emissions of several heat and electricity production options, not only for the DH production, need to be included in the analysis. With respect to electricity, both operating and build margins are often assumed to be fossil fuel-based (coal or NG) production (see for example Djuric Ilic et al., 2014) . With respect to heat, new DH (based on CHP or industrial excess heat) might currently replace older, fossil fuel-based household boilers or heat plants. In a longer perspective, the build margin for heat production might contain biomass-based heat plants and household heat pumps (see for example Magnusson, 2012 and Münster et al., 2012) .
Allocation of GHG emissions between products
Allocation is of interest when a production process results in two or more products, and the GHG emissions from each product are to be estimated. This applies both to CHP production and to industrial production processes that result in excess heat. However, allocating environmental impact to industrial excess heat is complicated. Although allocation may be useful for comparing excess heat with heat of other origins, it may also be argued that allocation is unnecessary; assuming that the use of otherwise wasted energy is always environmentally beneficial (SEA, 2008) . In this paper, we make the latter assumption. Therefore, this section only deals with allocation of GHG emissions from CHP production.
Depending on which kind of production is concerned, different allocation principles may be used, for example based on mass, economic value, or energy content. With regard to CHP production, principles based on energy content are suitable. There are however several principles within this segment, for which the consequences of application on CHP production have been studied previously. Jungmeier et al. (1998) show the differing results from applying seven allocation methods to biomass-based CHP production. They conclude that the wide variety of allocation methods makes comparison with other fuels extremely difficult. Rosen (2008) presents six allocation methods in detail and then argues that a common methodology would benefit cogeneration, as it would simplify evaluation of environmental impact. Beretta et al. (2012) present four common allocation methods and argue that a new method is required, as the common ones do not take local conditions into account. They point out that DH systems may contain a wide variety of energy sources and users, and this should be acknowledged when energy use and environmental impact are estimated.
In this paper, we exemplify five principles for allocation of GHG emissions between electricity and heat produced in CHP plants. The principles are explained in this section and described by Tables 1 and 2 . Allocation to electricity and allocation to heat are the most straightforward principles. If heat is considered a by-product of electricity production, all GHG emissions may be allocated to the produced electricity. Similarly, if heat is considered the main product, all GHG emissions may be allocated to the heat. Energy allocation, that is, allocating GHG emissions based on the energy content, is advocated due to its simplicity (EC, 2009) . In that method, the different characteristics of heat and electricity are not accounted for. According to Rosen (2008) , allocation should instead be based on exergy content; in other words, the energy quality should be taken into account. The exergy allocation principle reflects that electricity is more useful than heat. In the EED, the calculation of the energy efficiency of CHP production takes the efficiency of separate production of heat and electricity into account (EC, 2012) . This is also done in efficiency allocation, sometimes also called the benefit-sharing method. If heat and electricity were produced in separate plants, more fuel would be required. Hence, electricity and heat produced in a CHP plant share the savings made by the combined production. The allocation of savings depends on the efficiency of the separate production and the CHP production. 
Resource efficiency
As mentioned in section 1, resource efficiency is an important aspect to consider with regard to the climate impact of a system. Here, we use an IS framework to address resource efficiency in the local system as well as in the expanded system. IS is an approach to increase resource efficiency in industrial production, by resource exchange between different actors. The most cited definition of IS originates from Chertow (2000: p. 313 ): "Industrial symbiosis engages traditionally separate industries in a collective approach to competitive advantage involving physical exchange of materials, energy, water, and/or by-products. The keys to industrial symbiosis are collaboration and the synergistic possibilities offered by geographic proximity." As DH systems are in essence exchanges of hot water between geographically close actors, IS is well suited to analysing DH systems.
We use the IS framework to identify and discuss potential DH collaborations between industries and communities. Industries may be part of DH systems either by supplying excess heat, or by receiving heat for use in their production processes and facilities. A CHP plant may also be an actor in an IS network. In several IS networks, the so-called anchor tenant is a CHP plant (Martin and Eklund, 2011 ). An anchor tenant has the possibility to connect to several other industries by offering a range of inputs and outputs, thus acting as the anchor for a collaboration (Wolf et al., 2005) . A CHP plant may use other actors' waste, such as AE Allocation factor for electricity AH Allocation factor for heat QE Net electricity production in CHP plant QH Net heat production in CHP plant E Assumed efficiency in separate electricity production H Assumed efficiency in separate heat production ExE Exergy factor for electricity ExH Exergy factor for heat municipal waste or wood chips, as fuel and may produce heat, steam, and electricity to be used by other actors.
In this paper, a qualitative approach to IS is used. Our approach is inspired by a study by Martin and Eklund (2011) , in which they show how biofuel industries may benefit from IS, applying a generic framework. In their framework, material and energy flows are mapped, possible synergies are identified, and IS theories are applied. This approach is equally applicable to assessments of potential heat collaborations. Possible heat flows between industries, CHP plants, and communities can be mapped, and synergies between actors with regard to heat demand and available excess heat identified. The feasibility of heat collaborations should be taken into account, as all collaborations might not be realised due to social or economic factors. Based on this, resource efficiency can be assessed. Local conditions and requirements should affect assessments. Different regions have different priorities, affecting which system and what qualities are considered best (Wolf et al., 2007) .
The environmental impact of an implementation of IS can be quantified, using for example life cycle assessment (LCA) (see for example Martin et al., 2014 and Sokka et al., 2011) . However, the usefulness of such quantifications may be questioned. The choice of input data and system boundaries affects results, as is the case in all quantifications. In the case of IS the human dimension also affects the system and the choices of input data. There are several reasons why IS may be implemented, many of which may not seem rational from a purely environmental or economic point of view (Brings Jacobsen, 2007; Martin, 2013) . If it is not clear why IS is implemented or improved, or what the alternatives are, quantifications are difficult to make.
Illustrating the complexity of assessing GHG emissions in DH systems
GHG emission calculations
In sections 3.1 and 3.2, we presented principles for estimating GHG emissions. In this section, we apply these principles on a non-specific DH system case to which CHP production and industrial excess heat are added. We assume the case to be located in Sweden, as effects of system expansion are well-illustrated by a case in which national data differ from European data. With regard to electricity production, Sweden has low GHG emissions (79 g CO2 eq/kWh on average) while the European average is fairly high (578 g CO2 eq/kWh) (Covenant of Mayors, 2012). Introducing CHP thus has different effects depending on the system boundaries in the analysis, which is something that this example is intended to visualise. The example is based on NG-fuelled CHP production, as NG is extensively used in recent and planned European power plants (CPPD, 2014) . We use an existing CHP plant, built in 2006 in Gothenburg and used in previous studies (GE, 2014; Holmgren, 2006) , in order to present realistic data.
An overview of which technologies that are associated with attributional and consequential approaches in our example is presented in Table 3 . With regard to electricity, an attributional approach may be assumed; using GHG emissions from an average electricity mix. However, for the most part, we assume a consequential approach. Coal and NG are assumed to be used in marginal production. As carbon capture and storage (CCS) could be an important future technology, this option is included with coal condensing power production. With regard to heat, we assume oil-based heat production to constitute operating margin technologies, and biomass-based heat production and heat pumps to constitute build margin technologies. We disregard an attributional approach to heat production as a local heat mix cannot be generalised. Data that are used in the example are presented in Tables 4 to 6 . In Table 4 , we provide three examples of electricity production build margin (time frame: 2020-2030) and one of operating margin. In Table 5 , we provide data for heat production based on oil, biomass, NG and electricity. For electric heat pumps, we assume coefficient of performance (COP) to be 3.0 (Joelsson and Gustavsson, 2010) . When applying one of the allocation principles, we assume NG-based heat production. In Table 6 , we present data for the NG CHP plant, along with data for comparable separate NG-fuelled electricity and heat. The latter are included as we use that data in one of the allocation methods. Rosen (2008) . The exergy factor for heat is for 100°C with a reference temperature of 20°C.
GHG emissions from CHP production in a DH system
The most local system perspective of CHP production in a DH system is that of the CHP plant itself. In this case, the GHG emissions are known from literature but their allocation between produced electricity and heat may be estimated, using the principles described in section 3.2. This estimation is illustrated in Figure 2 . By expanding the system, the GHG emissions are estimated differently. In Figure 3 , we apply the same allocation principles as in Figure 2 , but here in combination with expanded system boundaries. We assume other electricity and heat production to be replaced by the production in the new NG-fuelled CHP plant. For allocation to electricity, we assume only electricity to be replaced. Similarly, for allocation to heat, we assume only heat replacement. For energy, exergy, and efficiency allocation, we assume both heat and electricity to be replaced. We base the illustration in Figure 3 on the overview in Table 3 , but for the sake of visualisation we also choose to use some extremes (electricity or heat production with very high or very low GHG emissions) in order to show the range of possible results. Figure 3 . GHG emissions from the implementation of an NG-fuelled CHP plant, applying different allocation principles and system perspectives. With energy and exergy allocation, the visualised system perspectives are two extremes. With efficiency allocation, which compares CHP production to separate electricity and heat production using the same fuel, NG is used in replacement technologies.
It is obvious from Figure 3 that methodology, system boundaries, and assumptions affect the result of a systems analysis of GHG emissions from a DH system with CHP production. Just as none of the bars in Figure 3 are wrong, it is likely that none of them provide enough information on their own. When assessing this kind of system, a variation of system boundaries may be necessary in order to demonstrate the range of possible system effects.
GHG emissions from industrial excess heat in a DH system
When including industrial excess heat in the DH system, matters are complicated further. This situation is illustrated in Figure 4 , where the system is expanded to show the effects on heat and electricity production, respectively. In the case of expansion with respect to heat, this is straightforward, as another heat-producing technology is replaced. In the case of expansion with respect to electricity, we assume that the alternative to industrial excess heat would be heat from the NG-fuelled CHP plant used in the previous example. With the inclusion of industrial excess heat in the DH system, we assume the NG plant not to be built, which consequently means that no electricity production can be replaced (as would have been the case with new CHP production). In this example, we assume that industrial excess heat carries zero GHG emissions. Again, the effect of varying system boundaries is evident. When expanding the system to contain other heat-only production, the use of industrial excess heat appears beneficial from a GHG emissions point of view. To instead expand the system to contain CHP production could be argued to be a more relevant comparison, since industrial excess heat and CHP heat in general both constitute base load or close to base load. In this case the system would need to also be expanded to include electricity production. With the assumption that CHP production would not be required due to the use of industrial excess heat, the loss of electricity production that would have occurred in a CHP plant may be shown to actually increase GHG emissions.
Assessing resource efficiency
Section 4.1 showed how methodological choices affect results of energy systems analyses. The system perspective may also affect results, by defining which actors that are regarded as part of a DH system.
Using industrial excess heat in a DH system would be resource efficient, unless the industry could reduce the amount of excess heat. As industries may refrain from optimising their processes to be able to sell excess heat, the use of industrial excess heat may result in greater resource use (Svensson, 2011) . To visualise this eventuality, part of the GHG emissions of the production process could be allocated to the excess heat. This allocation could however be counterproductive, as it could shift focus from the industry's process efficiency to other measures. An analogous example: In Sweden, where industrial excess heat is the most used in Europe (Persson and Werner, 2012) , industrial excess heat may be eco-labelled if the production process is based on renewable energy (SSNC, 2013) . Otherwise, industrial excess heat may not be eco-labelled. This practice differentiates between the "good" excess heat and the "dirty" excess heat, in a sense allocating GHG emissions to one but not to the other. As the same criteria apply to dedicated heat production, heat from a biomass-fuelled boiler may be eco-labelled. Thus, it may seem environmentally beneficial to install a new biomass-fired boiler rather than utilising excess heat from a fossil fuel-based industrial process, even though more resources are used. This is a reason why it may be preferable not to allocate GHG emissions to industrial excess heat regardless of its origin.
As an anchor tenant, a CHP plant could create possibilities for new collaborations between industries. A waste-or biomass-fuelled CHP plant could use output from nearby industries and municipalities as well as provide heat and electricity to them (see for example Holmgren and Gebremedhin, 2004 and Martin and Eklund, 2011) . One example of successful use of both industrial excess heat and CHP plants in a large DH system is that of Gothenburg in Sweden. Holmgren (2006) found that aside from the environmental benefits from using excess heat, there was no competition between a new NG-fired CHP plant and the use of industrial excess heat from a nearby oil refinery in Gothenburg's DH grid. Decreasing the use of excess heat would increase the system's costs as well as GHG emissions (Holmgren, 2006) . Close proximity between an oil refinery and a large DH grid may thus benefit the industry, the DH system operator, and the DH consumers. As it is unlikely that this oil refinery will shut down in the foreseeable future, it should also be considered resource efficient to utilise their excess heat. Martin et al. (2013) developed a method for calculating the sharing of benefits from increased resource efficiency within an IS network, that could encourage collaborations as involved actors would easily identify their benefits. Such a method would illuminate the benefits of IS. However, there is also concern that resource exchanges could dissuade involved actors from implementing efficiency measures in their production processes, as wasting energy and resources almost becomes a virtue in the symbiosis (O'Rourke et al., 1996) . It may be more profitable to sell a waste product to another actor rather than implement measures to reduce the creation of waste products, and it may also seem more environmentally beneficial to exchange resources than to increase individual resource efficiency. Therefore, heat collaborations should not automatically be considered resource efficient.
Discussion
The assessment of GHG emissions from a non-specific DH system presented in section 4.1 demonstrates clearly to what extent the choice of methodology, assumptions, and system boundaries affects results. This has been demonstrated also in other studies and is worth emphasising again as it is important to understand the consequences of methodological choices. The discussion in section 4.2 illustrates the complexity of assessing resource efficiency in a system that not only consists of technology but also contains highly influential social and economic factors. Although it might not be possible to identify one single correct methodology for assessments of this kind, the complexity and the possible diversity of results may serve as advocates for the need for a common methodology.
A common methodology could benefit assessments of GHG emissions and resource efficiency in DH systems by giving them greater reliability. If all systems were evaluated according to the same principles, they would be comparable and results could be useful in other cases than the analysed ones. Yet a common methodology would need to be versatile. Unlike electricity grids, DH systems are local by nature, as there are physical limitations to how far hot water may be transported and still retain its usefulness. Therefore, DH systems are individual entities. Different regions and communities have different preconditions and requirements with regard to heating. This fact entails that DH systems are not easily comparable. Thus, a highly standardised methodology to assess GHG emissions might not be the best option for DH systems. Instead, a methodology that also reflects the uniqueness of DH systems would be preferable.
As Figure 3 shows, allocating all GHG emissions from CHP production to electricity suggests GHG emission reductions in the studied system. Allocating all GHG emissions to heat instead suggests that several other heating options would be better. Figure 4 suggests that if GHG emissions are allocated to electricity, CHP production is preferable to industrial excess heat, with regard to GHG emissions. If GHG emissions are instead allocated to heat, Figure 4 suggests that industrial excess heat is better than all other heating options. These results point out two important things: that GHG emission calculations can basically suggest anything, depending on method and assumptions, and that in order for results to be comparable, production processes that result in the same product or by-product should be treated equally.
With regard to systems analyses of CHP production and industries with excess heat, we suggest that heat should be considered a by-product and thus not a carrier of GHG emissions. This not only facilitates the comparison of heat from different sources, but also emphasises the resource efficiency of utilising excess heat. When heat is considered a by-product, regardless of whether the main product is electricity or something else, the results from this paper suggest that GHG emissions are reduced in the studied system. In the case of CHP production, GHG emission reductions are attributable to the production of electricity, and in the case of industrial excess heat, GHG emission reductions are attributable to the use of heat that would otherwise be wasted.
When assessing a future DH system, previous research has recommended that a consequential perspective should be assumed. A consequential approach was used when analysing the exemplified technologies in section 4.1, and several different marginal production alternatives were considered. We suggest that when determining which are the marginal electricity and heat production technologies that should be used in an energy systems analysis, the local perspective should be kept in mind with regard to heat, while a European perspective should be assumed with regard to electricity. Although DH is a local product, electricity is not. What technologies are on the margin could thus differ between assessments, depending on their context. This paper has analysed and discussed assessments of climate impact of DH systems. While GHG emissions are an important aspect of environmental impact, several other aspects have not been addressed. A methodology that reflects local conditions should also take environmental issues such as air pollution and waste management into consideration. For instance, landfilling could be reduced through waste incineration in a CHP or heat plant, and emissions of particulate matter from household boilers could be reduced through a switch to centralised heat production. Furthermore, the environmental impact of the DH system, and connected actors, could be quantified in an LCA. Further research could address all these aspects jointly and thereby construct a complete methodology for assessing the environmental impact of DH systems.
Concluding remarks
The aim of this paper has been to illuminate how methodology may affect results and to suggest how awareness of this may be used to identify GHG emission reduction possibilities in DH systems. The examples that are used to illustrate consequences of different methods, assumptions and system boundaries show that results differ greatly depending on methodological choices. Some conclusions may be drawn with regard to how methodology could be handled in order to identify GHG emission reduction opportunities:
 When assessing the climate impact of a DH system, local preconditions should be considered.
With knowledge of what heat resources exist in the area and what the heating requirements are, resource efficiency can be evaluated and used as an input to GHG emission calculations.  When assessing the climate impact of CHP production, GHG emissions should be allocated to the electricity. When assessing the climate impact of industrial excess heat, GHG emissions should be allocated to the industry's main product(s). Thus, heat should be considered a by-product regardless of its origin and as a result, CHPproduced heat and industrial excess heat would be assessed on equal terms.
In further research, the insights from this paper could be used in the development of a comprehensive methodology to assess the total environmental impact of DH systems. Such a methodology should encompass further aspects of environmental sustainability, such as air quality and waste management. We believe that a common methodology illuminating the environmental benefits of DH could contribute to greater use of Europe's heat potential in DH systems.
